During the last three decades, 4-hydroxy-2-nonenal (HNE), a major a,b-unsaturated aldehyde product of n-6 fatty acid oxidation, has been shown to be involved in a great number of pathologies such as metabolic diseases, neurodegenerative diseases and cancers. These multiple pathologies can be explained by the fact that HNE is a potent modulator of numerous cell processes such as oxidative stress signaling, cell proliferation, transformation or cell death. The main objective of this review is to focus on the different aspects of HNE-induced cell death, with a particular emphasis on apoptosis. HNE is a special apoptotic inducer because of its abilities to form protein adducts and to propagate oxidative stress. It can stimulate intrinsic and extrinsic apoptotic pathways and interact with typical actors such as tumor protein 53, JNK, Fas or mitochondrial regulators. At the same time, due to its oxidant status, it can also induce some cellular defense mechanisms against oxidative stress, thus being involved in its own detoxification. These processes in turn limit the apoptotic potential of HNE. These dualities can imbalance cell fate, either toward cell death or toward survival, depending on the cell type, the metabolic state and the ability to detoxify.
Bullet Points
4-hydroxy-2-nonenal (HNE), a secondary product of lipoperoxidation, can form protein adducts and modifies cell signaling. Because of its chemical reactivity, HNE can exert pleiotropic effects particularly in cell death. HNE is accumulated in numerous oxidative stress-related diseases, such as neurodegenerative diseases (NDD), cardiovascular diseases, metabolic syndrome and cancer. The regulation of cell death by HNE can impact the development of diseases associated with oxidative damage.
Open Questions
What are the mechanisms of cell death induced by HNE? What is the relative importance of the canonical apoptotic pathways compared with atypical cell deaths in HNE-exposed cells?
Upon HNE exposure, what are the processes to avoid death? How do the detoxification pathways modulate the cell fate upon HNE exposure?
4-Hydroxynonenal: a Highly Reactive Product of Lipoperoxidation
Non-enzymatic lipoperoxidation (LPO) is an autocatalytic process, initiated by the attack of free radicals on membrane polyunsaturated fatty acids (PUFAs). The a,b-unsaturated aldehyde 4-hydroxynonenal (HNE) is a major end product that is derived from the oxidation of n-6 PUFAs such as linoleic, g-linolenic or arachidonic acids. HNE belongs to the advanced lipid peroxidation end products (ALEs). Despite its relative stability compared with free radicals, the chemical structure of HNE possesses three reactive functions: a C2 ¼ C3 double bond, a C1 ¼ O carbonyl group and a hydroxyl group on C4 ( Figure 1 ). These reactive functions make this electrophilic molecule highly reactive toward nucleophilic thiol and amino groups. This reactivity relies upon both the Michael addition of thiol or amino compounds on the C3 of the C2 ¼ C3 double bond and the formation of Schiff bases between the C1 carbonyl group and primary amines. The kinetics of the Schiff base formation are inherently slow and reversible, making Michael-adducts predominant. HNE can then react with a large number of macromolecules such as proteins, principally those containing histidine, cysteine and lysine residues; lipids, which contains an amino group; and with nucleic acids, mostly with the guanosine moiety of DNA. 1 These interactions with proteins, called HNE-protein adduction, modify their activity (for a review, see Schaur et al. 1 ). Because of its double reactivity (Michael addition and Schiff bases), HNE can contribute to protein cross-linking and induce a carbonyl stress.
Under physiological conditions, cells have to cope with HNE stemming from different sources. The most common source is the endogenous one, coming from the reactive oxygen species (ROS) produced by the mitochondrial electron transport chain, which triggers lipid oxidation. When the cells are exposed to xenobiotics, the cytochrome P450 biotransformation activities can also generate ROS that are able to induce LPO. Thus, HNE generation has been associated with drugs or exposure to environmental contaminants, such as ethanol. 2 Inflammation-related ROS are also a prominent source of HNE, and HNE-protein adducts are biomarkers in inflammatory diseases. 3 Exogenous HNE is another way for the cells to be exposed. It can be produced by peroxidation of plasma low-density lipoproteins (LDL) 4 or generated during food processing: the heme iron present in red meat can oxidize dietary polyunsaturated lipids. 5 Intestinal cells are also major targets of exogenous HNE because they are at the interface with the lumen and can be directly exposed to high concentrations of HNE. Moreover, HNE can be produced by macrophages infected by gut microbiota and such generated HNE can be toxic for colon cells. 6 As HNE is a highly diffusible molecule, it can spread beyond its initial production site. Based upon its diffusion capacity, it has been suggested that HNE can act as a paracrine signal molecule. 7 Because of the basal level of ROS inherent to life under aerobic conditions, there should be a basal level of HNE in the cell. The HNE concentration in human blood and serum was estimated to be about 0.05-0.15 mM, 8, 9 but in pathological situations and close to the core of LPO sites, its concentration can be greatly increased (more than 100 mM). 10 Thus, high levels of HNE have been detected in a large number of diseases. 11, 12 Nevertheless, even if HNE can be detected by several methods, acquiring reliable values of HNE in vivo is considerably compromised by its rapid metabolism, its efflux and its steady-state concentration in specific tissues. 13 All cells are not equal regarding HNE detoxification. As an example, colonocytes metabolize 100% of 40 mM HNE in 90 min, 14 whereas hepatocytes metabolize 95% of 100 mM HNE in 3 min. 15 Therefore, the concentration of HNE and the duration of exposure can be modulated by the rate of detoxification in target organs.
Depending on its concentration and its targets, HNE can contribute to many biological functions: for example, stimulating or inhibiting enzymatic functions, such as kinases (PKC (protein kinase C). 16 HNE interaction with key amino acids of catalytic sites could explain the inhibition of these enzymes. 16 Although HNE-dependent protein modulation relies mainly on post-translational modifications, the regulation of gene expression by HNE has also been described notably by modulation of NF-kB (nuclear factor-kappa B) and AP-1 (activator protein 1) transcription factors, which are related to Figure 1 Reactivity of HNE. Here are represented the potential reactions of HNE on the hydroxyl, carbonyl and double bond groups. HNE is biotransformed, but it can also react with proteins according to the Michael addition and the Schiff base formation and DNA by epoxidation 4-hydroxynonenal and mechanisms of cell death S Dalleau et al stress responses. It is particularly involved in the activation of the transcription factor Nrf2 (nuclear factor (erythroidderived 2)-like 2), which transactivates the antioxidant responsive element (ARE). By doing so, it stimulates the cellular antioxidant defenses and the regulation of the oxidative stress, via the upregulation of the expression of various genes such as for heme oxygenase 1 (HO-1), aldehyde dehydrogenases (ALDH), glutathione S-transferase (GST), multidrug-resistant proteins (MRPs), aldose reductase (aldo-keto reductase, AKR), NADPH dehydrogenase quinone 1 (NQO1) or glutamate-cysteine ligase (GCL). 17 Some of these genes were shown to be involved in HNE biotransformation. 18 The physiological levels of HNE also have to be taken into account, as the depletion of HNE can affect gene expression such as Fas, Tp53, p21, c-myc or connexin 43.
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By its multiple impacts on protein regulation through transcriptional and post-translational modifications, HNE has a role in the maintenance of cellular homeostasis, during normal aerobic metabolism (low levels of ROS). However, higher and longer oxidative stress can lead to HNE accumulation thereby compromising cellular functions, as is the case in some pathological disorders. 20 24 and cancers. 25 In these diseases, HNE is not only a simple marker of oxidative stress but also a causative agent. The modalities of HNE involvement in these oxidative stress-related diseases are detailed below and summarized in the Table 1 .
HNE and Diseases
Neurodegenerative diseases. In Alzheimer's disease, where increased oxidative damage in neuronal cell bodies is one of the earliest changes, HNE-adducts to neurofilaments have been found. 26 It is the amyloid b-peptide that would induce oxidative stress and the consequent lipoperoxidation. High levels of HNE have been detected in amyloid b plaques and in the cerebrospinal fluid in Alzheimer's patients. 27 The accumulation of HNE-modified amyloid b-peptides has been shown to inhibit the proteasome, 28 and the resulting accumulation of ubiquitinated modified proteins leads to a proinflammatory response (cyclo-oxygenase 2, prostaglandins). This contributes to neurodegeneration. 29 Moreover, by modifying membranes, HNE could impair Na þ /Ca 2 þ pumps and glucose and glutamate transporters, leading to ionic and energetic disturbances and neuronal cell death. 30, 31 In Parkinson's disease, oxidative stress is known to contribute to mitochondrial dysfunction and degeneration of dopaminergic cells. 21 HNE can form adducts with proteins involved in the proteasome system, leading to its failure and neuronal cell death. 32 HNE has been shown to be present in the mitochondria and Lewy bodies. In vitro experiments have revealed that the incubation of dopaminergic neurons with HNE leads to a decrease in dopamine uptake and a loss of Na þ /K þ pump activity. 33 Lipoperoxidation end product accumulation is not a simple tracer of oxidative stress but it can have a major role in the pathogenesis of Parkinson disease. HNE accumulation could be due to the impairment of the aldehyde detoxification system, among which are ALDH 1 and 2, both isoforms expressed in substantia nigra dopamine neurons. 34 Null mice for ALDH1 and ADLH2 have high levels of HNE and HNE-adducted proteins in the midbrain, and this could be directly correlated to a reduction in dopamine and metabolites in the striatum. Lastly, a recent study clearly demonstrates that intracerebral injection of HNE results in neurodegeneration. 35 Therefore, HNE can impair key areas in the brain, leading to neuronal cell death. Carnosine, as a carbonyl scavenger and antioxidant, can provide protection against HNE and decrease neurodegenerative disorders, 36 but its action is not limited to HNE-dependent damage.
Cardiovascular diseases. HNE has been shown to be implicated in cardiovascular diseases, as an accumulation of HNE was described in atherosclerotic lesions in both human and animals. LDLs can be oxidized by ROS from vascular cells. This leads to the formation of HNE and other aldehydes. HNE can form adducts with apoB. Oxidized-LDL bound to HNE-adducted apoB has a lower affinity for the apoB/E receptors that are expressed in most cell lines, except macrophages. Such modified LDLs are then reoriented toward scavenger receptors, expressed at the surface of macrophages and smooth muscle cells, leading to the Low levels of HNE in tumor tissues compared with healthy tissues, rTGFb1 [46] [47] [48] 49 High levels of HNE in cancer tissues [50] [51] [52] [53] [54] [55] Luminal HNE triggers the positive selection of preneoplastic cells in colorectal cancer 14, 59 Atherosclerosis 37 The subsequent atheromatous plaque formation involves macrophage infiltration and activation of smooth muscle cells leading to fibrogenesis. HNE can particularly form adducts with PDGFR (platelet-derived growth factor receptor) in atherosclerotic aortas and the use of the antioxidant hydralazine prevents HNE-related adduction and slows the progression of the disease. 38 HNE could also promote chronic inflammation by stimulating the expression and the synthesis of MCP-1 (monocyte chemotactic protein 1) and TGFb (transforming growth factor b) in macrophages and smooth muscle cells. 39 Moreover, HNE could affect the vascular cells' barrier integrity, leading to apoptosis of endothelial cells. 40, 41 HNE is also involved in myocardial infarction. After the ischemia/reperfusion sequence, ROS are produced and accumulated. They promote the generation of HNE, which can then disrupt the actin cytoskeleton, alter Ca 2 þ homeostasis and trigger cardiomyocyte cell death. 42 Metabolic syndrome. Metabolic syndrome is a combination of metabolic disorders that may include impaired glucose tolerance, insulin resistance, dyslipidemia, obesity and liver disease. In diabetes, pancreatic b cells have been described to be highly sensitive to ROS. Therefore, HNE, which can trigger b cell apoptosis, may induce glucose intolerance and the development of diabetes. 24 In non-alcoholic fatty liver disease (NAFLD), the persistent JNK (c-jun N-terminal kinase) activation by oxidative stress and HNE in hepatocytes induces cell death. 43 In alcohol liver damage, protein modifications (adduction, haptenation) by aldehydes modify self-proteins and thus, stimulate the production of auto-antibodies and autoimmune reactions. 2 More precisely, during the early phases of cirrhosis, antibodies against serum albumin adducted to MDA and HNE are detected in patients' sera. The antibody levels are higher in heavy drinkers with cirrhosis or extensive fibrosis than in those with fatty liver only. The formation of antigens derived from lipid peroxidation contributes to the development of immune responses associated with alcoholic liver disease. 44 Finally, the importance of HNE in ethanol-induced steatosis was underlined by some studies relative to TNFa (tumor necrosis factor alpha)-induced apoptosis. Ethanol feeding appears to induce HNE-protein adducts, linked to an increase in TNFa secretion and apoptosis induction (TUNEL-caspase activation). When mice are coexposed to ethanol and antioxidants such N-acetyl-cysteine (NAC), 45 the decrease in HNE-protein adducts protects hepatocytes against cell death.
When hepatotoxicity is induced by chemical treatments in vivo, such as acetaminophen, the supplementation with S-adenosylmethionine protects the liver, prevents lipoperoxidation and GSH (glutathione) depletion and decreases centrilobular necrosis. 46 Cancer. Redox homeostasis appears to be modified in cancer cells. 47 The activation of oncogenes, the modification of energy metabolism, the mitochondrial dysfunction and the inflammation in the surrounding tissues lead to the increase in oxidative stress during carcinogenesis. However, the level of lipid peroxidation products in cancer cells is still debated. On one hand, early studies have shown low HNE levels in tumor tissues compared with healthy tissues. [48] [49] [50] Low levels of HNE have been shown to be linked with a decrease in TGFb1, a cell growth inhibitory cytokine known to be downregulated in a large number of human malignant colon tumors. The decrease in TGFb1 has been correlated with an increase in carcinogenesis progression. 51 On the other hand, some studies have demonstrated increased HNE levels in cancer tissues, 25, 52, 53 and the HNE-adduct levels seem to be positively correlated to progression in both the grade of malignancy in brain cancers 54 and the stages of hepatitis. 55 Several hypotheses can be formulated to explain these divergences. First, the considerable heterogeneity of tumor cells implies different patterns of the lipid composition of membranes, with an increase in cholesterol and a decrease in PUFA content and therefore, a lower formation of HNE. 56 Moreover, tumor cells can exhibit higher expression of detoxification enzymes and antioxidant proteins that permit a better HNE extrusion. 57 Finally, different grades of the tumors studied with a low lipoperoxydation level have also been related to better proliferative potential. 58 In the case of the carcinogenic effect of HNE as an exogenous compound, during the promotion of colorectal carcinogenesis by heme iron, HNE has been shown to be produced in the colon lumen. It has been shown that normal cells are highly sensitive to HNE, whereas preneoplastic cells are resistant. Thus, it can promote the positive selection of preneoplastic cells, finally leading to the development of colorectal cancer. 14, 59 As HNE can bind to guanine bases, it is mutagenic and genotoxic in vitro 60 and that might contribute to cancer initiation in vivo. 61 It may also contribute to cancer promotion by inhibiting DNA repair 62 or by promoting inflammation. 6 A strong induction of oxidative stress with HNE formation in advanced stage cancer cells using natural and chemical drugs is a therapeutic strategy to trigger apoptosis. 47 However, the acquisition of high antioxidant defense by cancer cells can also be a limiting factor for radiotherapy and chemotherapy. The use of a combination of drugs that target cancer cells and break down their antioxidant defenses can be a promising strategy to specifically induce cell death in cancer cells. 47 Diseases occurring due to oxidative stress notably involve cell death processes, such as apoptosis. Our goal here is to focus on the HNE regulation of cell death/survival, related to oxidative stress-dependent disorders. These relationships are complex. First, apoptosis can be mediated by different pathways and is not the only process of the induction of cell death. Second, HNE has dose-dependent effects, and the consequences on the cell are strongly modulated by the ability of the oxidative stress defenses to metabolize HNE. Lastly, based on the intrinsic nature of the cells, their responses regarding HNE could be multiple and in favor of the emergence of pathologies.
HNE: a Serial Killer
Apoptosis is a major pathway of cell death characterized by cell shrinkage, cell surface blebbing, chromatin condensation 4-hydroxynonenal and mechanisms of cell death S Dalleau et al and DNA fragmentation. It is an active and programmed cell death that occurs via two main pathways: the extrinsic pathway, also called 'death receptor pathway' and the intrinsic pathway or 'mitochondrial pathway'. HNE can directly induce apoptosis but it can also be a mediator of apoptosis, as it can be generated by ROS (hydrogen peroxide), heat stress, 63 UVA irradiations 64 and pro-oxidant compounds like ethanol.
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HNE induces the extrinsic apoptotic pathway. The extrinsic apoptotic pathway transmits a death signal from the cell surface to the intracellular compartment and is initiated by the activation of death receptors like receptors of TNF, Fas/CD95 or TRAIL (TNF-related apoptosis-inducing ligand). Basically, the canonical signaling pathway involves the binding of their respective cytokines (TNFa, Fas Ligand (FasL), TRAIL), which triggers the aggregation of the receptors and the recruitment of adaptator proteins leading to the activation of initiator caspases (8 and 10). Executioner caspases (3 and 7) are then activated, promoting the cleavage of many substrates contributing to the execution of apoptosis, but the recruitment of the signaling proteins is dependent on the nature of the death receptor. As a relevant example for HNE-mediated apoptosis, the binding of FasL on its receptor Fas triggers its aggregation that leads to the formation of DISC (death-inducing signaling complex) involving the adaptator protein Fas-associated protein with death domain (FADD) and pro-caspase 8/10. 66 The promiscuity of all these proteins triggers the activation and the autocatalytic cleavage of caspase 8/10. Consequently, the caspasedependent cascade leads to apoptosis.
In the case of the impact of HNE on the extrinsic pathway, in the eye, it promotes the expression of Fas, allowing a sensitization of the lens epithelial cells to apoptosis when FasL is present in the microenvironment as a soluble cytokine or expressed on the neighboring in cells' membrane as a transmembrane form. The induction of Fas by HNE is associated with JNK activation and apoptosis induction 67 but the modalities of Fas transcriptional regulation are still to be established. The links between HNE and Fas are of interest because they rely on physiological levels of HNE. One strategy to modulate basal HNE concentrations has been developed by the Awasthi's group, based on the overexpression or the downregulation of GSTA4, the main HNE-detoxifying enzyme. When human GSTA4 was overexpressed in lens epithelial cells, the levels of HNE decreased and Fas was strongly downregulated. 68 Moreover, when GSTA4 was downregulated or invalidated in vivo in mice, the levels of HNE were increased 68 and Fas expression was induced. 67 The basal levels of HNE in the cell can then contribute to their sensitivity or their resistance regarding FasL stimulation or even HNE. For this latter point, it is worth noting that Fas-deficient lens epithelial cells are resistant to HNE -induced apoptosis according to the mechanism detailed below.
The main pathway of Fas-signaling activation by HNE appears to be DISC-independent 67, 69 (without caspase 8 and FADD). Indeed, HNE can induce Fas-dependent apoptosis in pro-caspase 8-deficient Jurkat cells. 69 The hypothetical mechanism can be dependent on the capacity of HNE to form protein adducts. The HNE-adduct formation with a membrane receptor could mimic ligand-cell surface receptor binding, which could then activate the related-signaling pathway. This model was proposed for EGFR (epidermal growth factor receptor) or PDGFR. 23 Fas is a death receptor with a cysteine-enriched extracellular domain and HNE has been shown to form adducts with Fas in vitro. 69 The binding of HNE on Fas seems primordial, as cell pretreatment with a Fas antagonizing antibody induces resistance to apoptosis triggered by HNE.
HNE activation of Fas without DISC involvement is enabled by the downstream activation of ASK1 (apoptosis signalregulating kinase 1), JNK and caspase 3. Interestingly, HNE also activates a negative feedback on Fas activation, by a mechanism involving Daxx (death domain-associated protein). Daxx is a nuclear protein which is associated with DNA-binding transcription factors involved in stress response and known to repress their activities. 70 After its export from the nucleus to the cytosol, it can interact with Fas. The pathway involving ASK1, JNK and caspase 3 is then inhibited and leads to the repression of apoptosis. 71 Daxx silencing induces an exacerbation of the HNE-induced apoptosis suggesting the prominent role of Daxx as a negative regulator of apoptosis, thus avoiding massive cell death. 69 In 2010, the Awasthi's team demonstrated that HNE induced both expression of Fas and Daxx. HNE can create covalent links with Daxx via some histidine residues, and in this way increase its export from the nucleus to the cytoplasm. The Fas-Daxx binding could have a negative effect on the ASK1-JNK signaling pathway and apoptosis induction. These mechanisms could be relevant for apoptosis induction by oxidative stress. If the stress is moderate, the couple Daxx-Fas limits apoptosis induction, whereas if the oxidative stress is massive, the pathway mediated by Fas-ASK1 and JNK is major and triggers massive cell death. Taking into account that HNE is diffusible, this negative loop can preserve the tissue integrity, as has been observed in vivo. 72 This self-regulatory function for Daxx has also been described in Fas-dependent apoptosis after UV-and doxorubicin treatments, conditions that are commonly associated with oxidative stress. However, the role of Daxx as an apoptosis regulator is still controversial. 70 On the contrary, some studies demonstrate that Daxx binding on Fas promotes cell death: the process being independent of DISC formation. 73 The differences in Daxx activity as a pro-or an anti-apoptotic factor can arise from the fact that Daxx has a role both in the cytosol and in the nucleus. The complexity of its regulation can also depend on the cell types and the relative importance of Fas and JNK pathways. Lastly, contributing to the negative feedback of apoptosis regulation, it has also been shown that HNE treatment induces the downregulation of pro-apoptotic-associated genes such as IER3 (immediate early response 3), TRAF3 (tumor necrosis factor-a receptor-associated factor 3) in RKO human colorectal carcinoma cells, 74 CAD (caspase-activated DNAse), FAST K (Fas-activated serine/threonine kinase) and DFF45 (DNA fragmentation factor 45) in ARPE-19 human retinal pigmental epithelium cell line. 75 HNE-induced extrinsic apoptosis has been described in various cell models, and especially in human eye epithelial cell lines (HLE-B3 and ARPE-19) and leukemia cell lines (Jurkat, CRL2571). These models are very relevant from a clinical 4-hydroxynonenal and mechanisms of cell death S Dalleau et al point of view. Retina is one of the organs most sensitive to HNE, first, because of the high consumption of oxygen by photoreceptors that generates high levels of ROS, and because its membranes contain one of the highest percentages of PUFAs. The pathways by which HNE induces apoptosis are relevant for understanding retinal damage and vision degradation in retinopathies. 76 In the case of leukemia cells and HNE-induced extrinsic apoptosis, numerous studies have shown that patients at all stages of illness present an abnormally elevated oxidative status, 77 whereas elevated ROS levels have been detected in chronic and acute myeloid malignancies. The efficacy of molecules with therapeutic potential, such as dithiolethione, 78 was shown using HNE as a potent oxidative stress mediator in derived leukemia cell lines. These preventive strategies are based on HNE scavenging or on an improvement of cell detoxification regarding HNE (see last part of this review). The extrinsic apoptotic pathway mediated by HNE is summarized in Figure 2 .
HNE induces the intrinsic apoptotic pathway. The intrinsic apoptotic pathway, also called the mitochondrial pathway, is the major apoptotic pathway highly conserved in vertebrates. Mitochondria have the capacity to integrate the pro-apoptotic signals from a large panel of extra-and intracellular stimuli (oxidative stress, starvation, radiation, DNA damage and toxins). These signals lead to mitochondrial outer membrane permeabilization (MOMP), which results in the release of different factors from the intermembrane space into the cytosol. Depending on the nature of the released pro-apoptotic factors, the mitochondria trigger caspase-dependent or caspase-independent apoptosis. The release of cytochrome c (cyt c) leads to the formation of the apoptosome, with the cytosolic proteins APAF1 (apoptosis protease-activating factor-1) and the initiator caspase 9. This complex initiates the autocatalytic cleavage of caspase 9, its activation and the subsequent cleavage of executioner caspases such as caspases 3, 6 and 7. In the cytosol, some endogenous caspase inhibitors like IAP (inhibitor of apoptosis protein) prevent caspase activation. The mitochondrial release of the proteins Smac/Diablo (second mitochondrial activator of caspases) and Omi/htrA2 prevents XIAP (Xlinked IAP) activity and by this means mediates caspase activation. Mitochondria are also major actors in caspaseindependent apoptosis. This process also involves MOMP but the release of killer proteins like AIF (apoptosis-inducing factor) and endonuclease G from the mitochondria to the nucleus triggers a caspase-independent DNA fragmentation. 79 There are some examples showing that HNE can induce mitochondria-dependent apoptosis: mouse leukemic macrophage cell line 80 exposed to HNE show the classical hallmarks of intrinsic apoptosis such as anti-apoptotic protein downregulation, pro-apoptotic protein upregulation, cyt c/AIF release and DNA fragmentation. During muscle cell apoptosis in age-related sarcopenia, the increase in HNE generation leads to anti-apoptotic protein inactivation and JNK and caspase 2/9 activation. 81 The same observation was made in the RKO colon cancer cell line 82 and in the PC12 neuronal cell line. The early events upstream of mitochondria targeting are diverse and are highly dependent on the initial stimulus. Cardiomyocytes treated with physiological concentrations of HNE show a progressive depletion in their mitochondrial bioenergetic reserve that leads to respiratory failure and cell death. This pathway is supposed to be important in myocardial pathologies where HNE could contribute to tissue damage by the increase in oxygen consumption, the subsequent mitochondrial failure and finally the depletion of energetic capacity. 84 In cultured hippocampal neurons, HNE exposure can cause impairment of ATPase activities and a subsequent abnormal increase in [Ca 2 þ ]. This disruption acts as an apoptotic signal. Whatever the apoptotic stimulus, the Bcl2 (B-cell lymphoma 2) protein family has the role of an integration crossroad. Some of Bcl2 family members are pro-apoptotic: Bax, Bak and the BH3-only proteins like Bid; whereas others are anti-apoptotic such as Bcl2, Mcl1 or Bcl-xl. The balance between these pro-apoptotic and antiapoptotic factors determines the fate of the cell. Upon a stress signal, the pro-apoptotic Bax and Bak proteins multimerize and are inserted into the mitochondrial outer membrane, forming pores at the origin of the MOMP. The phosphorylation of Bcl2 at its interaction site with the other members can modulate its activity. HNE has recently been shown to stabilize the interaction between Bcl2 and IKK (inhibitor of kappa B (IkB) kinase). The IKK is then able to phosphorylate Bcl2 on its critical site, thereby altering its anti-apoptotic function. 85 Moreover, HNE can directly affect mitochondrial integrity. Mitochondrial membranes contain a critical phospholipid called cardiolipin. Cardiolipin oxidation by cyt c can produce HNE. 86 It has been shown that cardiolipin oxidation is necessary for the subsequent steps of intrinsic apoptosis. It activates MOMP and enables the activation of apoptogenic Bcl2 proteins. Finally, HNE can directly affect the cellular redox status by depleting GSH, which can then induce a mitochondrial crisis with mitochondrial ROS production 87 and subsequent activation of caspases.
88 HNE-induced apoptosis can then be prevented by mitochondrial respiratory chain inhibitors such as rotenone or stigmatellin.
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The intrinsic apoptotic pathway activated by HNE is summarized in Figure 3 .
HNE and JNK activation during apoptosis. Depending on the cell type, HNE-induced apoptosis can involve both extrinsic and intrinsic pathways, but the respective contribution of the two pathways remains elusive. However, there is some evidence to show that strong JNK activation is a common step in HNE-induced programmed cell death. 90 Generally, JNK is known to have a central role in both intrinsic and extrinsic pathways. This kinase belongs to the mitogenactivated protein kinases (MAP kinases) family and can be activated in response to diverse stimuli such as oxidative stress, lipopolysaccharides, TNFa or endoplasmic reticulum (ER) stress. After being activated by phosphorylation, JNK can translocate to the nucleus and then transactivate transcription factors (c-jun and c-myc) that regulate the expression of proapoptotic genes such as FasL, Bak and TNFa. 91 HNE was shown to interact directly with JNK by forming adducts. This leads to nuclear translocation of JNK in human hepatic stellate cells. 92 Moreover, HNE-induced apoptosis in neuronal PC12 cells is clearly mediated by the JNK pathway and not by other MAP kinases p38 or ERK pathways. 93, 94 In sympathetic neurons, the specific neuron-associated JNK3 is activated during HNE-induced apoptosis. This is accompanied by c-jun phosphorylation and these effects can be suppressed in JNK3-deficient neurons. 95 The pretreatment of leukemic cells with JNK inhibitor makes these cells resistant to HNE-induced apoptosis. 69 Finally, well-known antioxidant molecules like resveratrol and piceatannol prevent HNE-induced apoptosis by blocking the JNK pathway and subsequently c-jun phosphorylation and AP-1 signaling. 96, 97 Further experiments should be carried out in order to evaluate the role of JNK in HNE-induced apoptosis to clarify the orientation of the cell death pathway: extrinsic pathway by the regulation of c-jun/AP-1 signaling or intrinsic pathway by modulation of mitochondrial proteins. HNE and p53: relationship between genotoxicity and cell death. Tumor protein 53 (p53) is a tumor suppressor and a transcription factor that regulates gene expression related to the cell cycle, DNA repair and apoptosis. p53 is activated upon DNA damage and oxidative stress to protect and repair the cell, but if the stress or damage reach a threshold, p53 triggers cell death. 98 showed that exogenous HNE results in the phosphorylation of p53 (on Ser 15) and its nuclear translocation in retinal epithelial cells. Such activation is involved in apoptosis induction. On the other hand, the simple accumulation of p53 in HNE-treated mouse macrophages was not associated with apoptosis induction. 80 As the degradation of p53 is proteasome-dependent and as HNE is able to inhibit proteasome activity, 20 one may suggest that p53 accumulation is the result of defective proteolysis rather than an active stabilization of p53. Moreover, HNE is known to be genotoxic 99, 100 and the activation of p53 upon HNE-mediated DNA damage appears relevant in a context of apoptosis, to trigger the expression of Bax, caspase 3 and inhibit Bcl2.
A recent study has examined the conformational modifications of p53 in NDD. 101 It showed that the formation of HNEp53 adducts did not affect the native conformation of p53, unlike nitration. The nitrated and so unfolded p53 directly decreases its pro-apoptotic activity and favors the survival of damaged neurons. Therefore, in this study, HNE adduction did not have a major impact on p53 function but could constitute an aggravating factor.
On the contrary, as p53 is a master regulator of the antioxidative response, it can directly act on HNE-induced toxicity: a study performed on p53 ( À / À ) mice brains showed that the lack of p53 reduced endogenous HNE levels and protein adduction. 102 Consequently, p53 should be involved in the generation of HNE and this positive feedback can have a major role in NDD in which the levels of p53 bound to HNE are elevated and correlated to neuronal cell death. 103 Other Pathways of Cell Death: One Killer, Several Weapons HNE-induced apoptosis appears to be caspase-dependent. However, cells treated with caspase inhibitors such as z-VAD-FMK or DEVD-FMK do not present a completely rescued phenotype, 104 suggesting the involvement of caspase-independent apoptotic mechanisms.
Calpain-mediated cell death. Intracellular Ca 2 þ levels are tightly regulated and Ca 2 þ is stored mainly in the ER and mitochondria under normal conditions. ROS attack can lead to the loss of ER membrane integrity, which is associated with a release of Ca 2 þ into the cytoplasm. Thus, lipid oxidation and notably through HNE, can be a signal for Ca 2 þ mobilization 105 and subsequent calpain activation. Calpain is a Ca 2 þ -dependent protease, located in the cytosol as an inactive precursor. In response to increased levels of cytosolic Ca 2 þ , it translocates to the intracellular membranes and is activated by autocatalytic hydrolysis. Heat shock protein 70 (Hsp70), a chaperone protein and a-fodrin, a structural cystoskeletal protein, are known to be common substrates for calpains. Calpain-dependent Hsp70 cleavage is associated with lysosomal membrane permeabilization (LMP), which leads to the release of proteases called cathepsins into the cytoplasm, then triggering cell death. Actually, it has been shown that HNE induces a-fodrin cleavage 106 and also the upregulation of Hsp70 expression and its carbonylation. 69, 107 This post-translational modification is necessary for its cleavage by calpain, suggesting the participation of calpains in the cell death cascade. 107 This link is still to be clearly established.
ER stress, proteasome inhibition and apoptosis induction. Because of its propensity to aggregate with proteins in the cell, HNE triggers the accumulation of protein aggregates in the cell that can overcome the proteasome. This can be amplified by a direct inhibition of proteolytic subunits: specific subunits of the 20S proteasome are targeted by HNE and the thus modified proteasome has impaired peptidase activity. 20, 108 Moreover, ER stress and the activation of the unfolded protein response (UPR) are triggered when the ER is overwhelmed and cannot manage the processing and the folding of newly synthesized proteins and the elimination of unfolded or misfolded proteins. In atherosclerotic plaques, the protein modifications by LPO secondary products like aldehydes affect protein conformation and their activities. The accumulation of misfolded and undergraded proteins can lead to ER stress. If the ER stress is prolonged, it can turn into apoptosis induction. HNE was described as inducing ER stress and an UPR in human endothelial cells that had HNE-adducts with proteins colocalizing with ER. 109 These adducted proteins directly affect ER function, especially protein disulfide isomerase. 110 In support of this idea, it was shown that the folding of protein to allow optimal formation of disulfide bonds is highly redox-dependent in the ER. 111 Thus, the accumulation of misfolded proteins with HNE-adducts in ER could compromise cell survival. The UPR is an adaptive process but the non-re-establishment of cell homeostasis strongly compromises tissue integrity and can initiate or promote pathologies.
Necrosis. To understand the effects of HNE, it is necessary to highlight the importance of the doses tested in each experiment. In the experiments of Chaudhary et al. 107 on HepG2 cells exposed to 5-40 mM of HNE, the cells died by apoptosis, but the same cells exposed to 80-100 mM HNE underwent necrosis, a non-programmed and deleterious form of cell death in which organelles are damaged and the plasma membrane disrupted. Respectively 31.8% of the cell population that was exposed to 80 mM HNE and 55.4% for the 100 mM HNE treatment died by necrosis. Similarly, necrosis is induced by HNE at 100 mM in HeLa cells 112 as well as in colorectal cell lines. All these in vitro data suggest a dose-dependent effect of HNE, with the induction of apoptosis at low doses and necrosis induction at high doses. The level of antioxidant defense has also to be taken into account (see chapter 7). However, because of the difficulty of quantifying free HNE in vivo, the data are limited concerning the possibility that such high concentrations of HNE could be reached in vivo and notably in oxidative stress-related pathologies. 10 Iron-regulated cell death. Among the emerging cell death pathways closely related to HNE, iron-regulated cell death carves out a growing place. Ferritin is a protein involved in iron storage. The endocytosis of ferritin into lysosomes induces the release of free redox active Fe 2 þ which promotes ROS formation and subsequent lysosomal LPO.
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This generation of HNE leads to LMP. HNE-adducts were also detected in the cytosol, suggesting the spreading of LPO from the lysosome to the cytosol. Moderate LMP can result in apoptosis, whereas the total loss of lysosomal integrity triggers necrosis. 113 However, the involvement of HNE in the balance of apoptosis/necrosis has to be reconsidered in the light of the recent studies on a new ironregulated cell death mechanism called ferroptosis. 114 This newly identified route of cell death is dependent not only on iron metabolism but also on fatty acid synthesis and cystine transport (involved in GSH synthesis). All these processes can be directly linked to HNE generation and to its detoxification-induced pathways. That is why further studies should be carried out to establish the importance of HNE in the cell sabotage leading to cell death. 115 
HNE Self Limits Apoptosis: Keeping Cool Under Pressure
Interestingly, HNE induces apoptosis but also initiates mechanisms that attenuate it. In respect to this latter aspect, the work by Jacobs and Marnett 116 is particularly relevant. They demonstrated that the treatment of the RKO colorectal cancer cell line with HNE leads to a dose-dependent activation of HSF1 (heat shock factor 1), a transcription factor that protects cells against stress insults such as heat shock and oxidative stress. After HNE exposure, HSF1 is translocated from the cytoplasm to the nucleus and reduces HNE-induced apoptosis. The underlying mechanisms were identified by siRNA and overexpression, and they can be summed up as follow: first, HNE triggers the release of HSF1 from the regulator chaperones Hsp70 and Hsp90 (heat shock proteins), allowing its translocation to the nucleus. HSF1 activates the transcription of genes containing HSE (heat shock responsive element) via their promoters, such as Hsp40 and Hsp 70.1; the induced Hsp attenuates JNKdependent apoptosis signaling and stabilizes Bcl-xL. The protective activation of HSF1 in HNE-induced apoptosis was also confirmed in HepG2 cells. 107 Further experiments have demonstrated that the stabilization of Bcl2 anti-apoptotic proteins (like Mcl1, Bcl-xL and Bcl2) is dependent on the induction of BAG3 (Bcl2-associated athanogene domaine 3) that interacts with Hsp70 and Bcl-xL. 117 The degree of protection gained by this pathway is thought to be superior to the protection afforded by the detoxification pathways like Nrf2. 116 HNE Assault: The Choice to Stay Alivey Under Conditions HNE as a cell cycle brake. The cell cycle is traditionally divided into four phases: G1, S, G2 and M, with a particular status for G1 cells, which can enter a resting state called G0. These quiescent cells represent the major part of the non-growing, non-proliferating cells in the organism. The transition from one cell cycle phase to another is regulated by CDK (cyclin-dependent kinase). Specific cyclins/CDK couples constitute checkpoints at each step of the cell cycle, and are influenced by pro-mitotic factors (like cdc25) and anti-mitotic factors (like cyclin-dependent kinases inhibitors). For an exhaustive review see Vermeulen et al.
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Several large scale studies performed using microarrays show that HNE is able to downregulate cell cycle promoting genes such as cell division cycle homologs (cdc20, cdc25), cyclins (A2, B1, B2, D1, F and K), topoisomerase II a, DNA polymerase d, TGFa. 74, 75 HNE also upregulates some cell cycle-arresting genes such as Gadd34 (growth arrest and DNA damage) or cyclin G2. 74 However, the induction of cell cycle arrest by HNE has been known for a long time. 119, 120 In HL60 cells, the way to limit HNE toxicity also seems to be based on the ability to stop cell cycle arrest in G0/G1 via the inhibition of cyclins D1, D2 and A and the hypophosphorylation of retinoblastoma protein (Rb). In 1998, Esterbauer et al. 121 showed that treating the budding yeast Saccharomyces cerevisiae with HNE resulted in its temporary arrest in G1 phase. More recently, in prostate PC3 cells, HNE treatment was shown to trigger cell cycle arrest in G2/M, with dephosphorylation of cdc2. 122 Finally, we have previously seen that HNE can self-limit its apoptosis by modulating Daxx activity. 69 Moreover, Daxx is also known to interact with cell cycle regulatory proteins like HSF1, smad4 or p53. 123 We can hypothesize that a Daxx-dependent-negative loop on HNEinduced apoptosis can also be dependent on the direct effect of Daxx on the cell cycle.
This ability of HNE to slow down cell proliferation at apoptosis-inducing concentrations can be interpreted as an alternative route to apoptosis, a possibility for slightly damaged cells attain self-rescue survival and for the tissue to maintain homeostasis in case of low grade injury.
Senescence. HNE-adducts are accumulated with aging in vivo and in vitro. 124, 125 Senescence is a process associated with aging. Senescent cells are metabolically active cells in which growth is arrested in transition between the G1 and S phases. As senescent cells, these cells can no longer replicate, cannot re-enter the cell cycle and are characterized by shorter telomeres. Telomeres are repetitive sequences localized at the end of eukaryotic chromosomes. The synthesis of telomeric repeats is necessary for DNA replication and is ensured by a ribonucleoprotein called telomerase, only expressed in regenerative tissues. The length of telomeres decreases at each cell cycle division and constitutes a marker of somatic cell aging. Telomerase activity is reported to be reactivated during carcinogenesis and cancer cells escape senescence. 126 It is well-described that oxidative stress accelerates telomere loss due to a decrease in telomerase activity in vitro. 127 It has been reported that HNE (at non-lethal low doses) can downregulate expression of hTERT (human telomerase reverse transcriptase), the catalytic subunit of human telomerase, in leukemia cells and colon cancer cells. More precisely, HNE inhibits c-myc (an activator of the hTERT promoter) and activates Mad1 (a repressor of the hTERT promoter). 128 Moreover, the activity of hTERT upon HNE exposure was also studied in endothelial cells isolated from patients with coronary artery disease. In this study, chronic treatment with NAC (an HNE scavenger and also a cysteine supplier for GSH synthesis 129 ) led to a decrease in HNE levels and an activation of hTERT.
Telomere shortening is a main cause of cellular senescence but very few studies have been done to characterize HNE-induced senescence, independently of its action on telomeres. This alternative pathway of senescence is characterized by the activity of b-galactosidase in the cytoplasm, the expression of cell cycle regulatory proteins p16 and p21 and the hypophosphorylation of Rb. Very recent experiments have characterized HNE-induced senescence in the development of atherosclerotic lesions in the blood vessels. HNE is secreted by activated macrophages and then induces senescence in vascular endothelial cells. 130 Senescence will be of a great interest in the future as a major HNE-mediated aging mechanism.
Autophagy. Autophagy is a process that governs catabolic reactions and especially the clearance of long-lived proteins and organelles. It is characterized by autophagosome formation when the edges of the membrane initially fuse together to generate a large vacuole containing diverse macromolecules and cellular structures that will fuse with lysosomal membranes. This leads to the degradation of the contents of the autophagic vacuole.
After oxidative stress and HNE generation, the HNE-protein Michael-adducts are accumulated in the cell, and autophagy is a mechanisms by which such defective proteins can be degraded. In vascular smooth muscle cells (VSMC), HNE was shown to induce autophagy (50 mM for 30 min). This was characterized by cellular ultrastructural changes (identified by electron microscopy) and by the increase in LC-3-II levels (microtubule-associated protein 1 light chain 3 under the phosphatidylethanolamine-conjugated activated form). 131 Such an induction could be dependent on mTOR inhibition through yet still unknown mechanisms. However, it appears that the inhibition of autophagy can trigger apoptosis, which supports the fact that autophagy is probably a defense system for survival.
Finally, the case of age-related macular degeneration is interesting because of the high specificity of the retinal pigment epithelium (RPE). This tissue is the site of high and permanent oxidative stress because the cells are prominent oxygen consumers and exposed to light. When LPO is high, it increases HNE adduction to proteins, 132 among which are proteins of the photoreceptor outer segments (POS). HNEadducted POS proteins are much less degraded by lysosomes and global proteolysis is decreased in RPE cells. Regarding that point, Krohne et al. 133 have demonstrated that HNE-adducted POS directly reduces autophagy in RPE cells, leading to apoptosis induction. 134 Therefore, VSMC exhibit a more adaptative capacity to survive HNE and oxidative stress than RPE cells. 135 Retinal cells cannot sustain autophagy during massive LPO and finally die. In this context, autophagy is clearly a defense mechanism against HNE-protein adducts to maintain cell survival.
The Battle of Wills Between Detoxification and Death
For HNE, the balance between cell death and cell survival is largely dependent on the cells' abilities to cope with oxidative stress and especially to detoxify HNE.
Nrf2 and the antioxidant defense. Nrf2 is a master gene of antioxidant response. Under normal conditions, Nrf2 is in the cytosol, complexed with its inhibitor, Keap-1 (Kelch-like ECH-associated protein 1), which is an oxidant sensor. Cullin 3 ubiquitin ligase is attached to Keap-1 and is responsible for conjugating ubiquitin molecules to Nrf2, giving the signal to proteasome to degrade Nrf2 consecutively. 136 In the presence of HNE, adducts on cysteines are formed in Keap-1 protein. This modifies the affinity of Keap-1 for Nrf2, which induces the release of Nrf2 and its export to the nucleus. 137, 138 The nuclear Nrf2 recognizes consensus cis sequences called EpRE (electrophile response element) sequences. These sequences are present in the promoter region of genes coding for a great number of detoxification enzymes. Nrf2 can also form a heterodimer with c-jun and act independently or in synergy to activate antioxidant gene expression. 139 The main genes which are regulated by Nrf2 are those that code for HO-1, NQO1, xCT (glutamate/cystine transporter), GCL, GSTs, ALDH, thioredoxin reductase 1 (Trx1) and AKR.
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Nrf2 is a major sensor of oxidative stress, and the disruption of Nrf2 abrogates antioxidant signaling, leading to the accumulation of HNE. 140 Its activation is protective against oxidative stress and aging in vascular cells. 141 However, the Nrf2 pathway is also a way for cancer cells to survive in a prooxidant environment 57 and represents an important factor of resistance regarding chemotherapies in cancer. 18, 142 Mechanisms of HNE detoxification. The half-life of HNE is less than 2 min. This short half-life underlines the importance of HNE detoxification as a cell defense system against HNE cytoxicity.
The key enzymes involved in HNE metabolism are GSTs, ALDHs and AKRs. GSTs have a major role in HNE detoxification:
143 isoforms GSTA4-4 and GST5-8 have high catalyzing activity and allow the conjugation of HNE with the reduced form of gluthatione. This favors GSH-HNE export outside the cell via RLIP76 (RalA-binding protein 16 encoded 76-kDa splice variant) and/or MRPs (see Figure 4) . The conjugation of HNE to GSH is primordial to neutralize HNE reactivity with proteins but also with DNA.
The GSH-HNE conjugates can be metabolized by two types of enzymes. The ALDH superfamily contributes to their oxidation in 4-hydroxynonenoïc acid (HNA)-lactone-GSH (HNA: 4-hydroxynonenoic acid), whereas the AKR superfamily contributes to their reduction in DHN-GSH (DHN: 1,4-dihydroxy-2-nonene). ALDHs have a prominent role. They can be downregulated in some disorders such as Parkinson disease. The recent study by Kong et al. 144 shows that ALDH1A1 is a major HNE-detoxification enzyme in PC12 cells. Its overexpression results in reduced HNE toxicity, and its inhibition is neurotoxic, with a high accumulation of HNEprotein adducts. Other isoforms of ALDH, such as mitochondrial isoforms (ALDH5A and ALDH2), can also be determinant in HNE-mediated cell death. ALDH5A was described as metabolizing HNE in the brain. 145 Finally, HNE itself can also be reduced by AOR (NAD(P)H-dependent alkenal/one oxidoreductase), and the generated metabolites (oxidized or not) can diffuse across the plasma membrane. xCT is the transporter subunit of the heterodimeric amino-acid 4-hydroxynonenal and mechanisms of cell death S Dalleau et al transporter system xc-. It functions as an exchange transporter for cystine/glutamate, catalyzing the entry of cystine and the exit of glutamate at 1 : 1 ratio. Cystine is rapidly reduced by Trx into cysteine, which is the limiting substrate for GSH synthesis by g-glutamylcysteine synthetase (g-GCS) and GSH synthetase. Cells can also excrete cysteine to neutralize extracellular HNE by the formation of HNE-cysteine conjugates. 14 The enzymes involved in HNE detoxification are essential in regulating its biological role, and it is worth noting that HNE can positively regulate its own metabolism by activating Nrf2. According to a consensus model, HNE consumes the bioavailable GSH in the cell during the detoxification process to form non-reactive GSH-HNE. The decrease in GSH levels in association with Nrf2 activation triggers GSH synthesis by a positive feedback mechanism.
Links between detoxification and cell death. The ability of HNE to form adducts with proteins is the major deleterious event it promotes. According to this, the extent of apoptosis is directly dependent on the yield of HNE-adducts that are accumulated in the cells. 112 These effects are absent when cells are pretreated with the HNE scavenger NAC. NAC acts as a precursor of GSH synthesis as well as a stimulator of the cytosolic enzymes involved in GSH regeneration. It mediates protection by direct reaction between its reducing thiol groups and ROS. 146 So a part of its anti-apoptotic activity could be due to its ability to modify the GSH/GSSG redox balance in the cell in favor of the reduced form. Indeed GSH/GSSG balance in favor of the oxidized species (that is, GSSG) constitutes an important signal that could decide the fate of a cell. 147 However, a large number of HNE sequestering agents such carnosine or carnitine, act only by inhibiting the formation of HNE-protein adducts with a preferential formation of nontoxic scavenger-HNE adducts. GSH conjugation is dependent on GST activity. The silencing of GSTA4-4 in human osteoarthritic chondrocytes increases HNE-induced cell death. 148 On the contrary, HepG2 cells transfected with GSTA4-4 become resistant to HNE-induced apoptosis. 149 The protective effect of GST overexpression against HNE-induced cell death has been observed in numerous cell lines (leukemia cells, retinal and lens epithelial cells). These cells acquire enhanced capacities to eliminate HNE, even after a prolonged treatment.
The entry of cystine, mediated by xCT, is also crucial for detoxification and cell death. Ferroptosis cell death is notably dependent on xCT inhibition and iron-mediated oxidative stress (see 4.4) . The involvement of HNE in this death process has still to be determined. 114 In 2006, Li et al.
150
generated a murine transgenic cell line with stable expression of the AKR isoform AKR7A5. These cells were four times more resistant to HNE than the parental cell line. Similarly, Matsunaga et al. 151 showed that stable transfection of AKR1C15 suppressed apoptosis induced by HNE in endothelial cells. All these data underline the importance of AKRs in the prevention of HNE-induced apoptosis.
Targeting the inhibition of ALDH isoforms also diminish the abilities of the cell to survive deleterious concentrations of HNE. On the contrary, the use of a pharmacological ALDH2 activator notably decreases HNE-adducts, prevents cell death and induces angiogenesis in human endothelial cells exposed to b-amyloid peptides. 152 Finally, the cytosolic ALDH3A1 isoform, specialized in HNE-detoxification in the ocular tissue, ensures protection of the cornea in the case of UV-induced oxidative stress. 153 Finally, it is worth noting that detoxification, like apoptosis, mobilizes energy. The intrinsic bioenergetic reserve capacity is determinant for the cellular response. 84 That is why the basal level of antioxidant enzymes cannot be sufficient to tackle a chronic exposure to HNE. The induction of Nrf2 and the adaptability of the metabolic reserve directly impact on the cellular resistance regarding HNE assault. The new data about the involvement of Nrf2 in the metabolic reprogramming in cancer cells 154 open new perspectives concerning the regulation of antioxidant defenses in response to HNE but also about the global fitness of the cell after HNE exposure.
Discussion
HNE is a 'crossroads' molecule regulating signal transduction, gene expression, cell proliferation, stress-mediated signaling and cell death. However, the specificity of HNE is highly dependent on its concentration, the duration of exposure and the cell type. The threshold of oxidative stress tolerance is intrinsic to each cell type in a particular environment. At low concentrations (less than 5 mM), HNE has been reported to promote proliferation, 155 and a silent stimulation of antioxidant responses by low levels of HNE (hormesis) can be protective 72 against more drastic assaults such as by carcinogens. 142 At higher concentrations (20-100 mM), HNE causes cell cycle arrest, 120-122 disturbs differentiation 156, 157 and triggers cell death. The modalities of apoptosis induction pathways are governed by the inherent nature of the cell, prone or not to ROS generation, the level of antioxidant defense and the induction of HNE metabolizing enzymes (summarized in Figure 5) .
However, precise methods for quantifying HNE are lacking in vivo. HNE is a highly reactive aldehyde and because of the multiplicity of its metabolites and adducts, we get just a trace of its presence and not the real value of its concentration in a free-reactive state. As an example, the in vitro data obtained in leukemia cell lines show that 15-fold higher concentrations of HNE are required to induce apoptosis in primary leukocytes. 158 We can conclude that primary cells are more resistant to HNE but we can also speculate as to whether the methods of cell culture modify the intrinsic antioxidant responses and the sensitivity toward HNE.
The pleiotropy of HNE targets (death receptors, mitochondria, p53 and transcription factors) makes it a real cell signaling molecule. Moreover, its half-life is longer than ROS such as H 2 O 2 or O 2 ?
À ; HNE is therefore a good signal propagator that leads to the cellular sabotage, fatal for cells. Interestingly, physiological levels of HNE are also able to affect the expression of genes involved in cell adhesion, cell cycle control, proliferation, cell growth and apoptosis. 19 Thus, we should consider not only intracellular HNE concentrations after diverse stimuli/exposure but also the basal level inherent to the cell. Figure 5 Summary of cell fate upon HNE exposure. When a cell is exposed to a low dose of HNE, HNE can be removed by detoxification processes and the viability is not compromised. Upon a high dose of HNE, the response will depend on the capacity of the cell to eliminate HNE by detoxification. This capacity is controlled by three parameters: the cell type, the antioxidant defense (notably Nrf2) and the energetic adaptability. If the damages are important, the cells can only 'subsist' by autophagy; senescence or cell cycle arrest. Otherwise, cell death is induced according to different pathways like apoptosis, necrosis or atypical cell death, sum up as 'cell sabotage'. Chemopreventive strategies can directly target the detoxification process to eliminate HNE or directly prevent its formation. Nrf2: nuclear factor (erythroid-derived 2)-like 2
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To go further down this road: under physiological conditions, linked to oxidative stress, HNE levels have been shown to positively correlate with aging, and may be responsible for various aging-related diseases (cancer, NDD, macular degenerescence and atherosclerosis) through DNA and protein damage. Therefore, HNE is a key target for the chemoprevention of these pathologies. Several strategies are possible: decreasing the exposure to pro-oxidant inducers, quenching the HNE-generating ROS or increasing the detoxification capacity of the cells. The overexpression of SOD (superoxide dismutase) or catalase, the use of natural antioxidants (vitamin C, vitamin E and b-carotene) or an increase in GSH synthesis have positive impacts on cellular protection. The improvement of cellular defenses is a relevant topic, with the use of natural compounds such as curcumin, sulforaphane, resveratrol or with chemical compounds such as tBHQ (tert-butylhydroquinone). They notably target the Nrf2 pathway.
To extend lifespan, a decrease in oxidative stress is recommended, by improving ROS and LPO sensing and maximizing the cellular antioxidant defenses. 159 High-calorie diets (high fat and high carbohydrates) are linked to a high oxidant status in the organism, and recommended calorie restriction involves a decrease in total caloric intake while maintaining adequate nutrition, to extend the lifespan or improve health. Some enzymes, like HSP70, HO-1 or TRX1, involved in HNE detoxification belong to the vitagenes, a group of genes involved in the adaptation to oxidative stress and allow a greater resistance to long-lived animals. 159 They are also regulated by Nrf2, which appears as a key protein in longevity. 160 However, a chronic low level of HNE appears to be positive for longevity by continuously stimulating Nrf2 and antioxidant defense. 72 Therefore, the links between HNE, detoxification pathways and diseases constitute a vast area of research for the understanding and the prevention of the major diseases of public health.
